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0 Actuator having ceramic substrate and ink jet print head using the actuator. 



0 An actuator including a ceramic substrate (84) 
and at least one piezoelectric/electrostrictive element 
(90) formed on the substrate Is disclosed. The ce- 
ramic substrate includes a spacer plate (82) having 
at least one window (88) which provides at least one 
pressure chamber (56). each window being substan- 
tially closed by a closure plate (76) and a connecting 
plate (78). The spacer plate, closure plate and con- 
necting plate are formed from respective ceramic 
green sheets which are fired into an integral ceramic 
structure. The connecting plate has at least one slit 
(80) which corresporKls to each pressure chamber. 
Each piezoelectric/electrostrictive element is dispos- 
ed on a portion of the closure plate defining the 



corresponding pressure chamber, so as to change a 
pressure of the corresponding pressure chamber. 
Also disposed is an ink jet print head using the 
actuator as described above. 
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BACKGROUND OF THE INVENTION 

Reid of the Invention 

The present invention relates in general to an 5 
actuator and an ink jet print head including the 
actuator, and more particularly to an actuator which 
exhibits improved operating characteristics with 
high stability, and an Ink Jet print head using such 
an actuator as an ink pump for discharging an ink io 
material from the print head. 

Discussion of the Related Art 

As a means for raising a pressure in a pressure is 
chamber formed within a substrate of an actuator, 
there is recently known a piezoelec- 
tric/electrostrictive element formed on a wall defin- 
ing the pressure chamber, for changing a volume 
of the pressure chamber due to displacement of 
the piezoelectric/electrostrictive element. Such an 
actuator may be used as an ink pump or the like of 
a print head used in an ink jet printer, for example. 

The actuator used an the ink pump is adapted to 
raise a pressure in the pressure chamber which is 
filled with an ink material, utilizing the displacement 
of the piezoelectric/electrostrictive element, so that 
fine ink particles are jetted or discharged through a 
nozzle that communicates with the pressure cham- 
ber, so as to effect printing by the print head. 

Referring to Rgs. 4 and 5 showing a known 
example of the ink jet print head as described 
above, a metallic nozzle plate 4 having a plurality 
of nozzles 2, a metallic orifice plate 8 having a 
plurality of orifices 6, and a channel plate 10 are 
superposed on each other such that the channel 
plate 10 is interposed between the plates 4, 8, and 
these plates 4, 8, 10 are bonded together into an 
ink nozzle member 16. In this ink nozzle member 
16, there are formed a plurality of ink discharge 
channels 12 for leading or guiding an ink material 
to the respective nozzles 2, and at least one ink 
supply channel 14 for leading or supplying the ink 
material to the orifices 6. Reference numeral 25 
denotes an actuator which includes a substrate 24 
consisting of a closure plate 18 and a spacer plate 
20 both made of a metal or synthetic resin, and a 
plurality of piezoelectric/electrostrictive elements 28 
formed on an outer surface of the closure plate 18. 

The closure plate 18 and spacer plate 20 are 
superposed on each other and formed integrally 
into the substrate 24, such that a plurality of voids 
22 which correspond to the nozzles 2 and orifices 
6 of the ink nozzle member 16 are formed in the 
substrate 24. The piezoelectric/electrostrictive ele- 
ments 28 fixed to the closure plate 18 are aligned 
with the voids 22 of the substrate 24, as viewed In 
the plane of the substrate 24 (perpendicular to the 



direction of the thickness of the substrate 24). With 
the ink nozzle member 16 and the actuator 25 
superposed on each other and bonded together by 
a suitable adhesive 29, each of the voids 26 pro- 
vides a pressure chamber 26 formed behind the 
corresponding nozzle and orifice 2, 6 and filled with 
the ink material. In operation, the piezoelec- 
tric/electrostrictive elements 28 are selectively ac- 
tuated to deform walls defining the corresponding 
pressure chamber or chambers 26, as schemati- 
cally shown in Rg. 6, so as to change the pressure 
of the selected pressure chamber(s) 26. 

In the ink jet print head as described above, 
the ink nozzle member 16 is bonded to the ac- 
tuator 25, more precisely, to the surface of the 
spacer plate 20 on which the voids 22 are open. In 
this arrangement, a fluid-tight seal between the ink 
nozzle member 16 and the actuator 25 must be 
secured over a relatively large area surrounding the 
voids 22. Upon mass production of print heads of 
the above type, therefore, it is difficult for the print 
heads to assure a high degree of sealing reliability 
or fluid tightness and desired ink-jetting capability 
with high stability. 

In view of the above problems, an actuator 40 
as schematically shown In Fig. 7a has been pro- 
posed by the present inventors in co-pending U.S. 
patent application Serial Nos. 08/066,193 and 
08/066,195. This actuator 40 includes a ceramic 
substrate 38 having a plurality of pressure cham- 
bers 36 formed therein, and a plurality of film-like 
piezoelectric/electrostrictive elements 33 formed on 
the substrate 38. More specifically, ceramic green 
sheets for a spacer plate 30, a closure plate 32 and 
a connecting plate 34 are laminated on each other 
arKi co-fired into the ceramic substrate 38, such 
that the closure plate 32 is superposed on one 
surface of the spacer plate 30, and the connecting 
plate 34 having through-holes 35 is superposed on 
the other surface of the spacer plate 30. The piezo- 
electric/electrostrictive elements 33 are formed on 
the outer surface of the closure plate 32 by a film 
forming method. When this actuator 40 is bonded 
to an Ink nozzle member 42 by an adhesive 46, 
such that the communication holes 35 of the con- 
necting plate 34 are aligned with nozzles 44 
formed through the ink nozzle member 42, a fluid- 
tight seal needs to be provided only over a rela- 
tively small area surrounding the through-holes 35, 
readily assuring improved sealing reliability upon 
mass production of the print heads. 

However, a further study by the inventors on 
the actuator 40 as described above revealed that 
the pressure chambers 36 are substantially entirely 
defined or surrounded by the integral ceramic sub- 
strate 38, whereby the ceramic substrate 38 is less 
likely to be deformed or displaced to change the 
pressure of the pressure chambers 36, due to 
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increased rigidity of the substrate 38, as shown in 
Rg. 7b. Consequently, the operating characteristics 
of the actuator 40 may deteriorate, and the ink jet 
print head using the actuator 40 as an ink pump 
may not be able to provide desired ink-jetting ca- 
pability. 

SUMMARY OF THE INVENTION 

It is a first advantage of the present invention 
to provide an actuator having a pressure chamber 
or chambers substantially entirely defined by an 
integral ceramic substrate, in which the rigidity of 
the ceramic substrate is lowered enough to facili- 
tate pressure changes of the pressure chamber(s). 
assuring desired operating characteristics of the 
actuator, while requiring a reduced seal area over 
which a fluid-tight seal should be provided upon 
bonding of the actuator to another member. 

It is a second feature of the invention to pro- 
vide an ink jet print head having an ink nozzle 
member and the above-described actuator as an 
ink pump member, which print head assures im- 
proved bonding reliability between the ink nozzle 
member and the actuator, and stably exhibits ex- 
cellent ink-jetting characteristics. 

According to one aspect of the present inven- 
tion, there is provided an actuator comprising: a 
ceramic substrate in which at least one pressure 
chamber is formed, the ceramic substrate including 
a spacer plate having at least one window which 
provides the above-indicated at least one pressure 
chamber, a closure plate superposed on one of 
opposite major surfaces of the spacer plate, for 
closing one of opposite openings of each window, 
and a connecting plate superposed on the other 
major surface of the spacer plate, for substantially 
closing the other opening of the window, the con- 
necting plate having at least one slit which cor- 
responds to each pressure chamber, the spacer 
plate, the closure plate and the connecting plate 
being formed from respective ceramic green 
sheets which are laminated on each other and fired 
into an integral ceramic structure as the ceramic 
substrate; and at least one piezoelec- 

tric/electrostrictive element each disposed on a 
portion of the closure plate defining the corre- 
sponding pressure chamber, for deforming the por- 
tion so as to change a pressure of the correspond- 
ing pressure chamber, each piezoelec- 

tric/electrostrictive element comprising a pair of 
electrodes and a piezoelectric/electrostrictive layer, 
which are formed by a film-forming method on an 
outer surface of the closure plate of the ceramic 
substrate, such that the piezoelectric/electrostrictive 
layer is interposed between the pair of electrodes. 

In the actuator constructed as described above, 
the ceramic substrate has a relatively small open- 



ing at its surface to be bonded to another member 
or component, thus requiring a fluid-tight seal to be 
provided over a relatively small area of tho bonding 
surface of the substrate. Further, the provision of 
5 the slits leads to an increase amount of flexural 
deformation of walls (the ceramic substrate) defin- 
ing the pressure chambers, and therefore assures 
excellent operating characteristics of the actuator. 

According to another aspect of the present 
10 invention, there is provided an ink jet print head 
comprising: an ink nozzle member having a plural- 
ity of nozzles through which fine particles of ink are 
jetted; and an actuator disposed on and bonded to 
the ink nozzle member and having a plurality of 
15 pressure chambers formed behind the respective 
nozzles of the ink nozzle member, the actuator 
comprising (a) a ceramic substrate including a 
spacer plate having a plurality of windows which 
provide the pressure chambers, a closure plate 
20 superposed on one of opposite msgor surfaces of 
the spacer plate, for closing one of opposite open- 
ings of each window, and a connecting plate super- 
posed on the other major surface of the spacer 
plate and on the ink nozzle member, for substan- 
25 tially closing the other opening of the window, the 
connecting plate having at least one slit which 
corresponds to each pressure chamber, and a plu- 
rality of first communication holes located behind 
the respective nozzles of the ink nozzle member, 
30 for permitting fluid communication between the cor- 
responding nozzles and pressure chambers, the 
spacer plate, the closure plate and the connecting 
plate being formed from respective ceramic green 
sheets which are laminated on each other aixf fired 
35 into an integral ceramic structure as the ceramic 
substrate, and (b) a plurality of piezoelec- 
tric/electrostrictive elements each disposed on a 
portion of the closure plate defining a correspond- 
ing one of the pressure chambers, for deforming 
40 the portion so as to change a pressure of the 
corresponding pressure chamber, whereby the ink 
in the pressure chamber is jetted through the cor- 
responding one of the nozzles of the ink nozzle 
member, each piezoelectric/electrostrictive ele- 
45 ments comprising a pair of electrodes and a piezo- 
electric/electrostrictive layer, which are formed by a 
film-forming method on an outer surface of the 
closure plate of the ceramic substrate, such that 
the piezoelectric/electrostrictive layer is interposed 
50 between the p>air of electrodes. 

In the ink jet print head constructed as de- 
scribed above, the fluid tightness of an ink flow 
channel through which the ink flows through the 
print head Is significantly improved at the bonding 
55 surfaces of the actuator and ink nozzle member, 
assuring excellent operating characteristics of the 
actuator and excellent ink-jetting capability of the 
print head. Thus, the present print head is capable 
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of producing improved quality of printed images 
with high stability. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 

The above and optional objects, features and 
advantages of the present invention will be better 
understood by reading the following detailed de- 
scription of presently preferred embodiments of the 
invention, when considered In connection with the io 
accompanying drawings, in which: 

Fig. 1 is an elevational view in vertical cross 
section, showing one embodiment of an ink Jet 
print head of the present Invention; 

Fig. 2 is a cross sectional view taken along line ?5 
2-2 of Fig. 1; 

Fig. 3 is an exploded perspective view showing 
the structure of the Ink jet print head of Rg. 1; 

Rg. 4 is an elevational view in vertical cross 
section corresponding to that of Rg. 1 , showing 20 
one example of known ink jet print heads; 

Rg. 5 is a cross sectional view taken along line 

5- 5 of Rg. 4; 

Rg. 6 is a cross sectional view taken along line 

6- 6 of Rg. 4, showing an actuator of the print 2 s 
head of Rg. 4 when it undergoes displacement 

to change the pressure of one of its pressure 
chambers; 

Rg. 7a is a cross sectional view corresponding 
to that of Rg. 6. showing another example of ink 30 
jet print head when its actuator does not un- 
dergo displacement; 

Rg. 7b is a cross sectional view corresponding 
to that of Rg. 6, showing the ink jet print head of 
Rg. 7a when the actuator undergoes displace- 3S 
ment to change the pressure of one of its pres- 
sure chambers; 

Rg. 8a Is a crops sectional view corresponding 
to that of Rg. 2, showing one modification of the 
ink jet print head of Rg. 1 in which the size of 40 
first communication holes is changed; 

Rg. 8b is a cross sectional view corresponding 
to that of Rg. 2, showing another modification of 
the ink jet print head of Rg. 1 in which the size 
arKl shape of second communication holes are 45 
changed; 

Rg. 8c is a cross sectional view corresponding 
to that of Rg. 2, showing a further modification 
of the ink jet print head of Rg. 1 in which the 
first and second communication holes are 50 
formed in teardrop shape; 

Rg. 9 is a transverse cross sectional view show- 
ing another embodiment of the actuator of the 
present invention; 

Rg. 10 is a cross sectional view taken along line 55 
10-10 of Fig. 9; 

Rg. 11 is a transverse cross sectional view 
showing a modification of the actuator of Rg. 9 



in which the shape of first communication holes 
Is changed, and additional slits are formed in its 
ceramic substrate; 

Rg. 12a is a cross sectional view taken along 
line 12-12 of Rg. 11. schematically showing the 
actuator of Rg. 11 which does not undergo 
displacement; and 

Rg. 12b is a cross sectional view taken along 
line 12-12 of Rg. 11. schematically showing the 
actuator of Rg. 11 which undergoes displace- 
ment to ch^ge pressures of its pressure cham- 
bers. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring first to Rgs. 1 and 2 schematically 
showing an ink jet print head 50 constructed ac- 
cording to the present invention, and to Rg. 3 
which is an exploded perspective view of the print 
head 50, an ink nozzle member 52 and^^n^actuator 
<54 used as an ink pump are bonded together to 
form an integral structure of the print head 50. In 
this print head 50, an ink material is supplied to a 
plurality^of==pressur:e:=.chambers=5S formed in the 
actuator 54, and=^=:ietted-or-dischargeck=from^a 
pturality-Gf:noz2lesc64 formed through the ink noz- 
zle member 52. 

More specifically, the ink nezzJe^rmember 52 
consists=of=a:4T0zzl8"plaler58randrai^ofifrce^p)late 60 
both=having=a==irelatively=small:^4biekRess;==arid a 
channeFptate=62 interposed between these plates 
58, 60. The nozzle plate 58 and the orifice plate 60 
are integrally bonded to the channel plate 62 by 
means of an adhesive. 

The nozzle plate 58 has the above-indicated 
nozzles 64 (three in this embodiment) formed 
through the thickness thereof for permitting jets of 
fine ink particles, while the orifice plate 60 and the 
channel plate 62 have respective through-holes 66. 
67 formed through the thickness thereof. These 
through?hotes=^r:67=arezatigri^^itth-the^espec- 
tive-n ozzles z64. as viewed in the plane perpendicu- 
lar to the thickness of the ink nozzle member 52, 
and have a diameter which is larger by a given 
value than that of the nozzles 64. 

The orifice plate 60 further has a plurality of 
orifices 68 (three in this embodiment) formed 
therethrough, for permitting flow of the ink into the 
respective pressure chambers 56. The channel 
plate 62 is formed with a window 70 which is 
closed at its opposite openings by the nozzle plate 
58 and the orifice plate 60. respectively, whereby 
an ink supply channel 72 communicating with the 
orifices 68 is defined by the channel plate 62, 
nozzle plate 58 and orifice plate 60. The^^orifiee 
plate^60=furthef^has^a-sifpply^pofft-7itc:throu9h-wbich^ 
the=ink=is=4ed=4rom-anzortii=resefvoir-into=:ih^ ink 
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While the material for the plates 58, 60. 62 of 
the ink nozzle member 52 is not particularly limit- 
ed, these plates 58, 60. 62 are preferably made of 
a plastic, or a metal such as nickel or stainless 
steel, which permits highly accurate formation of 
the nozzles 64 and orifices 68. Each of the orifices 
68 is desirably formed in tapered shape such that 
the diameter of the orifice 68 is reduced in the 
direction of flow of the Ink (i.e., in the direction from 
the ink supply channel 72 toward the pressure 
chambers 56), as shown in Rg. 1 by way of exam- 
ple, so as to function as a check valve for inhibiting 
the ink from flowing in the reverse direction. 

On the other hand, theaactuatog854»tnGlttdesga 
ceramtessubstrate«84 consisting of a closure plate 
76 and a connecting plate 78 both having a rela- 
tively small thickness and formed of a ceramic 
material, and a spacer plate 82 also formed of a 
ceramic material. Tbese«plates®TO*»78«^»are 
supei|X)sedaOOaea£hGK>theTsandsioiaar)ed«trilegrally 
iotOsthe>Geramic«substFate^84^ssuGh«that»the>spacer 
platee82i5isointerpesed«betweensthes€losureaplats»76 
andeConnecting«plate«^8. Tl)e«aGtuat0iw54sfuFther 
includes«a«plura!ityaOf^iezoeleetric/el^Ctrc^5ti^e 
elements^QO' formed on the outer surface of the 
closure plate 76 by a film forming method. The 
piezoetectric^el6etr<>strrcfiye^ements®*90®^ 
speetively^aligneds>withstfw«atM>vo=fndicated*pres=* 
sure>chamberss56^formed within the actuator 54, as 
viewed in the plane of the substrate 84 (perpen- 
dicular to the direction of the thickness of the 
substrate 84). 

More specifically, the connecting plate 78 of 
the ceramic substrate 84 has first communication 
holes 86 and second communication holes 87 
formed therethrough, which are respectively 
aligned with the through-holed 66 and orifices 68 
formed in the orifice plate 60 of the ink nozzle 
member 52. as viewed in the plane perpendicular 
to the direction of the thickness of the plates 78, 
60. The diameter of the first communication holes 
86 is substantially equal to or slightly larger than 
that of the through-holes 66, and the diameter of 
the second communication holes 87 is larger by a 
given value than that of the orifices 68. 

The spacer plate 82 has a plurality of rectangu- 
lar windows 88 (three in this embodiment) formed 
therethrough. The spacer plate 82 is superposed 
on the connecting plate 78 such that each of the 
windows 88 communicates with the corresponding 
pair of the first and second communication holes 
86. 87 formed In the connecting plate 78. The 
shape of the window 88 is not necessarily limited 
to a rectangular shape as illustrated in Rg. 3, but 
may be selected from other shapes, such as a 
generally oblong shape in which the opposite short 
sides of a rectangular window are curved. 



The closure plate 76 is superposed on the 
surface of the spacer plate 82 remote from the 
connecting plate 78. so that the windows 88 are 
closed at the opposite openings thereof by the 
5 closure plate 76 and connecting plate 78. Thus, the 
pressure chambers 56 formed in the ceramic sub- 
strate 84 are held in communication with the ex- 
terior space through the first and second commu- 
nication holes 86, 87. 

10 The connecting plate 78 is further formed with 
a plurality of slits 80 which correspond to the 
respective pressure chambers 56. in other words, 
are respectively aligned with the pressure cham- 
bers 56. as viewed in the plane perp)endicular to 
15 the direction of the thickness of the plates 78, 82. 
These slits 80 are formed through the thickness of 
the connecting plate 78 in the following manner. 
Initially, a ceramic slurry is prepared from a ce- 
ramic material, a binder, a suitable solvent and 
20 others, and the thus prepared ceramic slurry is 
formed into a green sheet which gives the connect- 
ing plate 78, by means of a known device, such as 
a doctor blade device or a reverse roll coater. 
Then, either before or after firing of the green 
25 sheet, the slits 80 connecting the first and second 
communication holes 86, 87 are formed by cutting 
using a dicer, slicer or a laser beam, or by punch- 
ing or piercing. With the slits 80 thus formed, the 
rigidity of the ceramic substrate 84 can be lowered 
30 enough to significantly increase an amount of de- 
formation of the substrate 84 or pressure chambers 
56, thereby causing increased pressure changes of 
. - the pressure chambers 56 which lead to Improved 

operatirtg characteristics of the actuator 54. At the 
35 same time, the actuator 54 requires a relatively 
small seal area over which a fluid-tight seal must 
be provided between the ink nozzle member 52 
and the ceramic substrate 84 (actuator 54) when 
the nozzle member 52 is bonded to the substrate 
40 84. 

The ceramic substrate 84 as described above 
is formed as an integral fired ceramic structure. 
More specifically, green sheets for the closure 
plate 76, connecting plate 78 and spacer plate 82 
45 are laminated on each other, and then fired into the 
integral structure. The thus formed ceramic sub- 
strate 84 assures complete sealing between the 
adjacent plates 76, 78. 82. without applying any 
adhesive to their interfaces, for example. Further, 
50 the ceramic substrate 84, which includes the con- 
necting plate 78, exhibits improved structural 
strength, which favorably prevents warpage of the 
substrate 84 upon firing thereof, and also permits 
easy handling of the substrate 84 while the print 
55 head 50 is being produced or in use. 

It is generally difficult to handle a laminar struc- 
ture consisting of thin, flexible green sheets. For 
example, such a laminar structure is likely to be 
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broken, or abnormally deformed after firing thereof, 
due to stresses applied thereto, unless the struc- 
ture is carefully supported or handled upon its 
setting in a firing furnace. According to the present 
invention, however, the rigidity of the laminar struc- 
ture (ceramic substrate 84) is advantageously In- 
creased due to the presence of the connecting 
plate 78, whereby the structure or substrate 84 can 
be more easily handled, and defectives due to 
handling failures are less likely to occur, as com- 
pared with the case where the laminar structure 
does not include the connecting plate 78. Where 
the pressure chambers 56 are formed with high 
density in the actuator 54, in other words, where 
the actuator 54 has a relatively large number of 
pressure chambers 56 per area, it is almost Impos- 
sible to handle a structure consisting only of the 
closure plate 76 and spacer plate 82 without caus- 
ing any problem. Even in this case, the presence of 
the connecting plate 78 In the laminar structure of 
the instant embodiment readily permits safe han- 
dling of the ceramic substrate 84. 

While the ceramic material for forming the ce- 
ramic substrate 84 is not particularly limited, alu- 
mina, zirconia or the like may be favorably em- 
ployed in view of its formability and other prop- 
erties. Further, the closure plate 76, connecting 
plate 78 and spacer plate 82 are desirably formed 
from green sheets having substantially the same 
ceramic composition and distribution In grain size, 
so as to achieve good sinterability and matching of 
coefficients of the thermal expansion of the plates 
76,78,82. 

In the ceramic substrate 84 as described 
above, the thickness of the closure plate 76 is 
preferably 50um or smaller, more preferably, in a 
range of about 3 - 20um. The thickness of the 
connecting plate 78 is preferably lOum or greater, 
more preferably. 50um or greater. The thickness of 
the spacer plate 82 is preferably 50um or greater, 
more preferably, lOOum or greater. 

The piezoelectric/electrostrictive elements 90 
are formed on the outer surface of the ceramic 
substrate 84 in alignment with the respective pres- 
sure chambers 56. Each of these elements 90 has 
a lower electrode 92. a piezoelectric/electrostrictive 
layer 94 and an upper electrode 96 formed on the 
substrate 84 in this order by a film forming method. 
As the piezoelectric/electrostrictive element 90 of 
the Instant embodiment, it is particularly preferable 
to employ a piezoelectric/electrostrictive element 
as proposed in U.S. Patent Application No. 
07/912.920 assigned to the same assignee as the 
present patent application. 

While the configuration of the actuator 54 var- 
ies depending upon various factors relating to its 
production, it is desirable to assure sufficiently high 
smoothness or evenness of the surface of the 



actuator 54 which is bonded to the ink nozzle 
member 52, that Is, the outer surface of the con- 
necting plate 78. The evenness of the above-in- 
dicated surface of the actuator 54 is suitably con- 
5 trolled such that this surface has the maximum 
waviness of not greater than 50um as measured 
along a reference length of 8mm, by means of a 
roughness measuring system. Desirably, the maxi- 
mum waviness of the relevant surface is not great- 
10 er than 25um, more desirably, not greater than 
lOum. As a means for achieving the above degree 
of surface evenness, the integral ceramic substrate 
84 which has been fired may be subjected to 
machining such as lapping or surface grinding. 

75 On the outer surface of the closure plate 76 of 

the ceramic substrate 84 are formed electrode 
films (for the upper and lower electrodes 96, 92) 
and the piezoelectric/electrostrictive layer 94, by 
any one of various known methods which include 
20 thick-film forming process such as screen printing, 
spraying, dipping and coating, and thin-film forming 
process such as ion-beam method, sputtering, 
vacuum vapor deposition, ion plating. OVD and 
plating. These films and layer 92, 94, 96 may be 
25 formed either before or after firing of the closure 
plate 76 (the ceramic substrate 84). 

Conventionally, when the films 92, 94, 96 of the 
piezoelectric/electrostrictive elements 90 are 
formed and fired after the ceramic substrate 84 is 
30 fired, the elements 90 suffer from residual strains 
due to thermal contraction thereof, during a cooling 
process after the firing, since the ceramic material 
.. for the substrate 84 and the materials for the ele- 

ments 90 have different coefficients of thermal ex- 
35 pension. As a result, the residual strains may dete- 
riorate the operating characteristics of the elements 
90. In the actuator 50 of the present invention, the 
pressure chambers 56 are more likely to be de- 
formed with the slits 80 formed through the con- 
40 rtecting plate 78 of the ceramic substrate 84. 
Therefore, the residual strains as described above 
can be effectively reduced, and do not affect the 
performance of the piezoelectric/electrostrictive ele- 
ments 90. 

45 The upper and lower electrode films 96, 92 and 
piezoelectric/electrostrictive layer 94 formed on the 
closure plate 76 may be heat-treated as needed, 
either in different steps following formation of the 
respective films and layer 92, 94, 96. or in one step 
50 following formation of all of the films and layer 92, 
94, 96. 

The upper and lower electrode films 96, 92 of 
each piezoelectric/electrostrictive element 90 may 
be formed of any electrically conductive material 
55 which can withstand a high-temperature oxidizing 
atmosphere generated upon the heat-treatment or 
firing as described above. For instance, the elec- 
trode films 96, 92 may be formed of a single metal. 
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an alloy, a mixture of a metal or alloy and an 
electrically insulating ceramic or glass, or elec- 
trically conductive ceramic. 

The piezoelectric/electrostrictive layer 94 of 
each piezoelectric/electrostrictive element 90 may 5 
be formed of any piezoelectric or electrostrictive 
material which produces a relatively large amount 
of strain or displacement due to the converse or 
reverse piezoelectric effect or the electrostrictive 
effect. The piezoelectric/electrostrictive material 
may be either a crystalline material or an amor- 
phous material, and may be a semi-conductor ma- 
terial or a dielectric or ferroelectric ceramic ma- 
terial. Further, the piezoelectric/electrostrictive ma- 
terial may either require a treatment for initial po- 
larization or poling, or may not require such a 
polarization treatment. 

The piezoelectric/electrostrictive element 90 
constructed as described above generally has a 
thickness of not larger than lOOum. The thickness 
of each electrode film 96, 92 is generally 20um or 
smaller, preferably Sum or smaller. To assure a 
relatively large amount of displacement by applica- 
tion of a relatively low voltage, the thickness of the 
piezoelectric/electrostrictive layer 94 is preferably 
SOum or smaller, more preferably, in a range of 
Sum to 40um. 

The piezoelectric/electrostrictive elements 90. 
which are supported by the closure plate 76 of the 
ceramic substrate 84, exhibit sufficiently high me- 
chanical strength and toughness even though the 
elements 90 have a considerably small thickness. 

In addition, the film-forming method used for for-*, 
ming the electrode films 92, 96 and the piezoelec- 
tric/electrostrictive layer 94 permits a relatively 
large number of the piezoelectric/electrostrictive 
elements 90 to be formed on the closure plate 76. 

That is, in the film-forming process, the elements 
90 can be concurrervtty and easily formed with a 
minute spacing left between the adjacent ones, 
without using an adhesive or the like. Further, in 
order to assure improved reliability of insulation 
between the upper and lower electrodes 96, 92, 
there may be formed as needed an insulating resin 
layer between the adjacent piezoelec- 
tric/electrostrictive layers 94. 

The above-described piezoelec- 

tric/electrostrictive elements 90 are formed integ- 
rally on the ceramic substrate 84, so as to con- 
stitute the intended actuator 54. This actuator 54 
and the ink nozzle member 52 are superposed on 
each other, and bonded together by a suitable 
adhesive, into an integral structure of the ink jet 
print head 50, as shown in Rg. 1. In the thus 
formed ink jet print head 50, an ink material which 
is fed through the ink supply channel 72 is sup- 
plied to the pressure chambers 56 through the 
respective orifices 68, and is passed through the 



through-holes 66. 67 and jetted outwards from the 
nozzles 64, based on the operation of the piezo- 
electric/electrostrictive elements 90 of the actuator 
54. Thus, an ink flow channel through which the ink 
flows through the instant ink jet print head 50 
consists of the supply port 74, ink supply channel 
72. orifices 68. second communication holes 87. 
pressure chambers 56. first communication holes 
86, through-holes 66, 67 and nozzles 64. 

The adhesive used for bonding the ink nozzle 
member 52 and the actuator 54 may be selected 
from various known adhesives, such as those of 
vinyl-type, acrylic-type and epoxy-type, or those 
containing polyamide, phenol, resorcinol, urea, 
melamine, polyester, furan, polyurethane, silicone, 
rubber, polyimide and polyolefin, provided the se- 
lected adhesive is resistant to the ink material. 

It in desirable in terms of production efficiency 
that the adhesive Is in the form of a highly viscous 
paste which can be applied by coating using a 
dispenser, or by screen-printing, or Is in the form 
of a sheet which permits punching thereof. It is 
more desirable to use a hot-melt type adhesive 
which requires a relatively short heating time, or an 
adhesive which Is curable at room temperature. 
The adhesive in the form of a highly viscous paste 
may be obtained by mixing an adhesive material 
with a filler so as to increase the viscosity of the 
resulting adhesive. It is also desirable to use a 
highly elastic adhesive so as to increase an amount 
of deformation of the pressure chambers 56 upon 
displacement of the piezoelectric/electrostrictive 
elements 90. 

In particular, it is preferable to use an elastic 
epoxy adhesive or silicone-contained adhesive 
which can be applied by screen-printing, or sheet- 
like. hot-melt type adhesive containing polyolefin or 
polyester, which permits punching thereof, tt is also 
possible to apply various adhesives as indicated 
above to different portions of the bonding surface- 
(s) of the actuator 54 and/or the ink nozzle member 
52. 

When the actuator 54 and the ink nozzle mem- 
ber 52 are bonded together using the above adhe- 
sive, the pressure chambers 56 of the actuator 54 
are held in communication with the nozzles 64 and 
ink supply channel 72 formed in the Ink nozzle 
member 52, by communicating the first and sec- 
ond communication holes 86, 87 with the through- 
holes 66 and orifices 68 formed through the orifice 
plate 60 of the ink nozzle member 52. 

The fluid tightness of the ink flow channel at 
the bonding surfaces of the actuator 54 and ink 
nozzle member 52 can be satisfactorily established 
by providing seals over their regions surrounding 
the first and second communication holes 86, 87 
and the slits 80 connecting the holes 86, 87. Thus, 
the present ink jet print head 50 requires a signifi- 
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cantly reduced area of the bonding surfaces which 
must be sealed so as to stably establish a high 
degree of fluid tightness of the ink flow channel. 

This advantage will he readily appreciated by com- 
paring the construction of the instant embodiment 5 
with that of the known ink jet print head as shown 
in Rgs. 4 and 5, in which a fluid-tight seal between 
the ink nozzle member 16 and the actuator 25 
needs to be provided around the openings of the 
relatively large voids 22. io 

In the instant embodiment, in particular, the 
diameters of the first and second communication 
holes 86. 87 are set to be smaller than the width 
dimension of the pressure chamber 56 (the width 
dimension of the window 88 formed through the is 
spacer plate 82). Therefore, the adjacent ones of 
the first communication holes 86 and those of the 
second communication holes 87 are spaced apart 
from each other by a sufficiently large distance 
(indicated by "L" in Rg. 2). This arrangement as- 20 
sures a sufficiently large bonding area between the 
actuator 54 and the ink nozzle member 52. at 
around the respective first and second communica- 
tion holes 86. 87. Accordingly, further improved 
fluid tightness between the bonding surfaces of the 25 
actuator 54 and ink nozzle member 52 can be 
achieved even if these members 54, 52 are made 
of different kinds of materials. 

When the actuator 54 with a bonding surface 
coated with an adhesive is superposed on the ink 30 
nozzle member 52. and is pressed against the 
nozzle member 52 so as to achieve good bonding 
strength, the adhesive may overflow into the open- 
ings of the actuator 54. that is, the first and second 
communication holes 86, 87 and slits 80. In the 35 
instant embodiment the slits 80 serve to increase 
the total area of the openings of the actuator 54, 
and the adhesive may overflow into the slits 80 as 
well as the communication holes 86, 87 when a 
relatively large force is applied to the actuator 54 40 

for improved bonding strength. This arrangement 
favorably prevents the first and second commu- 
nication holes 86. 87 from being closed by the 
adhesive. Accordingly, the ink jet print head 50 can 
be produced with improved bonding efficiency, as- 45 
suring excellent bonding and sealing strength, due 
to increases in the permissible ranges of the 
amount of the force applied to the actuator 54 and 
the time of the application of the force, for bonding 
the actuator 54 and the ink nozzle member 52 so 
together without closing the first and second com- 
munication holes 86. 87. 

Depending upon the kind of the adhesive used 
or the method of application of the adhesive, the 
amount of the overflowing adhesive is increased so 55 
much as to close the first and second communica- 
tion holes 86. 87. even in the presence of the slits 
80. In this case, it is desirable that the diameter of 



the first or second communication holes 86. 87 be 
set to be substantially equal to the width dimension 
of the corresponding pressure chamber 56. as 
shown in Rgs, 8a and 8b, so as to avoid the 
closure of the holes 86, 87 or the ink flow channel. 

It is also desirable to form one or both of the first 
and second communication holes 86, 87 in tear- 
drop shape as shown in Rg. 8c. or elliptic shape, 
so as to allow the ink to flow smoothly through the 
print head 50. 

In the ink jet print head 50 constructed as 
described above, the fluid tightness of the ink flow 
channel can be easily and stable established, and 
the actuator 54 exhibits improved operating char- 
acteristics. due to the formation of the slits 80 in 
the connecting plate 78. Accordingly, the present 
print head 50 assures excellent ink-jetting capabil- 
ity with high stability. 

A sample of the print head 50 as illustrated in 
Rgs. 1 through 3 was produced in which the con- 
necting plate 78 of the actuator 54 was formed with 
the first and second communication holes 86. 87 
and the slits 80. When a given voltage was applied 
to the piezoelectric/electrostrictive element 90 of 
the thus produced print head 50. the amount of 
flexural deformation of the actuator 54. which was 
measured by a laser Doppler measuring device, 
was 0.29um. With respect to a comparative sample 
of print head in which only the first and second 
communication holes (but not the slits) were 
formed in the connecting plate, the amount of 
flexural deformation of the actuator was 0.21 tim. 
With respect to the known print head of rigs. 4 and 
5 in which the actuator does not include the con- 
necting plate, the amount of flexural deformation 
was 0.29um. H will be recognized from these re- 
sults that the formation of the slits in the connect- 
ing plate of the actuator leads to an increased 
amount of flexural deformation and improved op> 
erating characteristics of the actuator. 

Referring next to Rgs. 9 and 10. there will be 
described an actuator 98 as arK>ther embodiment 
of the present invention. In these figures, the same 
reference numerals as used in the above descrij>- 
tion of the actuator 54 of the previous embodiment 
will be used for identifying structurally and/or func- 
tionally corresponding elements, of which no de- 
tailed explanation will be provided. 

This»agttiatQf«98^has^four,^res sui:e.xbambers 
56>whi6h*are4orrn8d«in«th8«ceramte>substrate>84^*» 
a*zigzag*fashionras«shown«m«Rg9B99 Namely, two 
rows (left and right in Fig. 9) each consisting of two 
of the pressure chambers 56 are disposed with one 
of the rows displaced relative to the other row in 
the width direction of the substrate 84, i.e., in the 
vertical direction in Rg. 9. The first communication 
holes 86 are formed in the portions of the connect- 
ing plate 78 between the left and right rows of the 
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pressure chambers 56, and the slits 80 extend 
from the respective pressure chambers 56 to the 
corresponding first communication holes 86. tR*thfS» 
aixaB@ementt»thea&staj^mmunjcatiooBh0lesi86aGan 
be«arianged«witb«iQcreasedBdensityWhat«i^3teac> 
piteb«substarfliatly»equal»to»op»siTialleiiirfhanwtt^ 
width^oMfae«presst!ife«efaamber»56. When this ac- 
tuator 98 is used for an ink jet print head, therefore, 
the pitch of nozzles that are aligned with the first 
communication holes 86 can be significantly re- 
duced, whereby the print head is capable of per- 
forming highly accurate and high-quality printing. In 
this case, the slits 80 provide a part of the ink flow 
channel through which the ink flows through the 
print head, and Is therefore required to have a 
sufficiently large width. 

Referring further to Fig. 11. the actuator 98 is 
modified in respect of the shape of the first com- 
munication holes 86, so that the holes 86 are 
arranged with further increased density or at a 
narrower pitch. The actuator 98 is also modified by 
providing additional slits 100 on the opF>osite sides 
of the pressure chambers 56 as viewed in the 
direction of the width of the chambers 56. as 
shown in Figs. 11 and 12a, so as to increase the 
amount of displacement of the actuator 98. Since 
these slits 100 are formed in the upper portion of 
the spacer plate 82 to interpose the upper portion 
of the pressure chambers 56 therebetween, the 
rigidity of the ceramic substrate 84 can be advanta- 
geously reduced to allow easy deformation of the 
chambers 56, thereby permitting the actuator 98 to 
undergo an effectively increased amount of dis- 
placement, as shown in Rg. 12b. 

While the present invention has been de- 
scribed in its presently preferred embodinnents with 
a certain degree of particularity, it is to be under- 
stood that the invention is not limited to the details 
of the illustrated embodiments, but may be other- 
wise embodied. 

For instance, the actuator constructed accord- 
ing to the present Invention may be used as an ink 
pump for ink jet print heads having various other 
structures, and may also be used for microphones, 
piezoelectric loudspeakers, sensors, vibrators or 
resonators, filters and other components or de- 
vices. 

The dimensions, shape, number and position of 
the slits 80 formed in the actuator 54 are not 
limited to those of the illustrated embodiments, but 
may be suitably selected provided the slits 80 
serve to effectively increase the amount of de- 
formation of the pressure chambers 56. While the 
ratio of the width of the slits 80 to that of the 
pressure chambers 56 (i e*. the width of the win- 
dows 88 formed in the spacer plate 82) is about 
1 :3 in the illustrated embodiments, the slits may be 
formed with almost no width by just cutting the 



surface of the ceramic substrate 84, so as to yield 
the above-described effects. Although it is desir- 
able that each of the slits 80 be formed to connect 
the corresponding first and second communication 
5 holes 86, 87 as in the illustrated embodiments, the 
slit is not necessarily required to connect the holes 
86, 87, but may be formed as a plurality of sepa- 
rate slit sections formed between the first and 
second communication holes 86, 87. Further, the 
10 slits 80 may extend in other directions than that of 
the illustrated embodiments. 

Moreover, the construction and material of the 
Ink nozzle member 52 are not limited to those of 
the illustrated embodiments. For instance, the 
75 whole or a part of the ink nozzle member 52 may 
be formed by injection molding, using synthetic 
resin or the like, or by other molding method. 
Furthermore, the positions, numbers and other pa- 
rameters of the nozzles 64 and the orifices 68 
20 formed in the ink nozzle member 52, and those of 
the pressure chambers 56 formed in the actuator 
54 are by no means limited to those of the illus- 
trated embodiments. 

It is also to be understood that the present 
25 invention may be embodied with various other 
changes, modifications and improvements, which 
may occur to those skilled in the art. 

Claims 

30 

1, An actuator comprising: 

a ceramic substrate (84) in which at least 
one pressure , chamber (56) is formed, said 
ceramic substrate including a spacer plate (82) 
35 having at least one window (88) which provides 

said at least one pressure chamber, a closure 
plate (76) superposed on one of opposite ma- 
jor surfaces of said spacer plate, for closing 
one of opposite openings of each of said at 
40 least one window, and a connecting plate (78) 

superposed on the other major surface of said 
spacer plate, for substantially closing the other 
opening of said each window, said spacer 
plate, said closure plate and said connecting 
45 plate being formed from respective ceramic 

green sheets which are laminated on each 
other and fired into an integral ceramic struc- 
ture as said ceramic substrate; and 

at least one piezoelectric/electrostrictive 
50 element (90) each disposed on a portion of 

said closure plate defining a corresponding 
one of said it least one pressure chamber, for 
deforming said portion so as to change a pres- 
sure of the corresponding pressure chamber. 
55 each of said at least one piezoelec- 

tric/electrostrictive element comprising a pair 
of electrodes (92, 96) and a piezoelec- 
tric/electrostrictive layer (94), which are formed 
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by a film-forming method on an outer surface 
of said closure plate of said ceramic substrate, 
such that said piezoelectric/electrostrictive lay- 
er is interposed between said pair of elec- 
trodes, said actuator being characterized in s 

that: 

said connecting plate of said ceramic sub- 
strate has at least one slit (80) which cor- 
responds to each of said at least one pressure 
chamber. io 

Z An actuator as defined in claim 1 , wherein said 
at least one slit consists of a slit which cor- 
responds to each of said at least one pressure 
chamber. i5 

Z An actuator as defined in claim 2, wherein said 
connecting plate further has at least one pair of 
first and second communication holes (86. 87) 
formed therethrough, each pair of which com- 20 

municates with a corresponding one of said at 
least one pressure chamber, said slit connect- 
ing said each pair of first and second commu- 
nication holes to each other. 

25 

4. An actuator as defined in claim 3, wherein said 

each pair of first and second communication 
holes are aligned with the corresponding pres- 
sure chamber, as viewed in a plane of the 
ceramic substrate. so 

5. An actuator as defined in claim 3, wherein said 

at least one pressure chamber consists, of a. 
plurality of pressure chambers which are ar- 
ranged in two rows, said first communication 35 

hole corresponding to each of said pressure 
chambers being located between said two 
rows of the pressure chambers. 

6. An actuator as defined in any one of claims 2- 40 

5, wherein said slit has a width which is one 
third that of a corresponding one of said at 
least one pressure chamber. 

7. An actuator as defined in any one of claims 2- 45 

6, wherein said slit extends in a direction of the 
length of the corresponding pressure chamber. 

8. An actuator as defined in any one of claims 1- 

7, wherein said ceramic substrate has addi- 50 
tional slits which are formed in said closure 
plate and said spacer plate, such that an upper 
portion of each of said at least one pressure 
chamber is interposed between adjacent ones 

of said additional slits. 55 

9. An actuator as defined in any one of claims 1- 

8, wherein said closure plate of said ceramic 



substrate has a thickness of not larger than 
50um. 

10. An actuator as defined in any one of claims 1- 

9, wherein said connecting plate has a thick- 
ness of not smaller than 10um. 

11. An actuator as defined In any one of claims 1- 

10, wherein said spacer plate has a thickness 
of not smaller than 50um. 

1Z An actuator as defined in any one of claims 1- 

11, wherein said ceramic substrate is formed 
of alumina or zirconia. 

13. An ink jet print head comprising: 

an ink nozzle member (52) having a plural- 
ity of nozzles (64) through which fine particles 
of ink are jetted; and 

said actuator as defined in claim 1, which 
is disposed on and bonded to said ink nozzle 
member, such that said connecting plate is 
interposed between said spacer plate and said 
ink nozzle member, and in which said at least 
one pressure chamber consists of a plurality of 
pressure chambers formed behind the respec- 
tive nozzles of said ink nozzle member. 

14. An ink jet print head as defined in claim 13, 
wherein said connecting plate has a plurality of 
first communication holes located behind the 
respective nozzles of said ink nozzle member, 
for permitting fluid communication .between the 
correspnding nozzles and pressure chambers. 

15. An ink jet print head as defined in claim 13 or 
14. wherein an outer surface of said connect- 
ing plate to which said ink nozzle member is 
bonded has the maximum waviness of not 
greater than 50tim as measured along a refer- 
ence length of 8mm. 

16. An ink jet print head as defined in any one of 
claims 13-15, wherein said ink nozzle member 
consists of a nozzle plate having said plurality 
of nozzles, a channel plate having a window 
formed therethrough, and an orifice plate hav- 
ing a plurality of orifices, said connecting plate 
of said actuator being superposed on said ori- 
fice plate, said window being closed by said 
nozzle plate and said orifice plate so as to 
form an ink supply channel through which the 
ink flows Into said pressure chambers via the 
respective orifices, said connecting plate fur- 
ther having a plurality of second communica- 
tion holes for permitting fluid communication 
between the corresponding orifices and pres- 
sure chambers. 
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